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Abstract Adsorption of toxic hydrazine (N,H,) at the surface
of pristine and Al-doped single-wall boron nitride nanotubes
(BNNTs and AlI-BNNTSs) has been investigated using density
functional theory (DFT). Single hydrazine molecule was
allowed to interact with Lewis acid center (i.e., B atom) of
BNNTs, where most stable gauche conformer of the guest is
used. Both zigzag (8,0) and armchair (4,4) variants of BNNTs
were considered and to estimate the effect of tube diameter on
adsorption energies wider zigzag (9,0) and (10,0), and arm-
chair (5,5) and (6,6), tubes were included in the host list.
Estimated adsorption energies of 2—8 kcal/mol do not support
strong binding between pristine BNNTs with hydrazine.
However, Al doping makes BNNTs an attractive adsorbent
of N,H,4 with adsorption energy in the range of 32-35 kcal/
mol. Stability of such complexes is found less sensitive to the
chirality, but nominally decreases with tube diameter. Thus, a
large quantity of hydrazine may be adsorbed by AI-BNNT
samples. The dative N: — B/AI bond between hydrazine
and host tubes is the source of stability of complexes.
Molecular electrostatic potentials (MEPs) and frontier molec-
ular orbitals of host and guest were calculated to explain in-
teraction character and strength.
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Introduction

Hydrazine (N,Hy) is a highly toxic and colorless liquid with
ammonia like odor [1]. Exposure to hydrazine may cause
serious environmental health problems, such as damaging ner-
vous system, liver, and brain [2—4]. On the positive side of
properties, hydrazine exhibits diverse functionalities. It has
been used in pharmaceutical, chemical, and agricultural indus-
tries [5—7]. Because of high hydrogen content (12.5 wt%),
hydrazine found a suitable place in recent research on hydro-
gen energy [8, 9] and in direct hydrazine fuel cell (DHFC) [10,
11]. Hydrazine and derivatives are also utilized as fuel for
missile and rocket propulsion systems [12].

Since its widespread usage in different industries, the re-
lease of traceable quantity of hydrazine from these sources
into the environment is inevitable. Thus, detection and capture
of such carcinogenic compound is highly demanding. Both
theoretical and experimental research on adsorption of hydra-
zine at the surface of several materials, such as transition
metals (for example Fe, Ni, Co, Cu, Ir, Rh), metal oxides
(Co30,), alloys (Ni-M, M = Fe, Pt, Pd, Ir), and nanostructures
(gold nanocage/graphene), were reported [2, 5—11, 13-24].
Besides adsorption of hydrazine and interaction with hosts,
several studies also explored the mechanism of decomposition
of N,H, to H, and catalytic reduction to NH;3 [9, 11] and
hydrazine electrooxidation [11]. Magnitude of hydrazine ad-
sorption energy depends on hosts and active sites (mostly at
the surface of transition metal clusters and their oxides or
alloys) and estimated value range between 10 and 70 kcal/
mol [13-16].

Hydrazine is a weaker base than ammonia and the main
source of interaction with the host is the lone pair of each
nitrogen atom. Due to its basicity, N,H4 can form coordination
complexes with metal, metal ions, and Lewis acids.
Researchers interested in hydrazine adsorption mostly used
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metals or metal oxides or alloys as host. Boron nitride nano-
tube (BNNT) is a fascinating nanomaterial [25-30] that con-
tains both Lewis acid and base centers, alternate to each other
at the surface. Surface reactivity of single-wall (5,5) carbon
nanotube [31, 32] and (5,5)-BN nanotube [33] has been ex-
tensively studied by Leszczynski and co-researchers. Based
on Fukui indices and local hardness/softness, they showed
boron atoms prefer nucleophilic attack, while electrophilic
attack is possible on the N-centers of BNNT, where magnitude
of both electrophilic and nucleophilic interactions depends on
the locations of B and N atoms on the tube.

BNNT exhibits extraordinary mechanical properties, larger
thermal conductivity, higher field emission property, and
higher resistance towards oxidation and thermal stability than
CNTs [34, 35]. A recent theoretical study [36] explored Lewis
acid and Lewis base character of single-wall boron nitride
nanotubes and the fundamentals of interactions with different
guest acids and bases using density functional theory (DFT).
Ammonia (NH3) was an example of base interacting with
BNNTs where a dative N: — B covalent bond formation sta-
bilizes the complex by about 4—6 kcal/mol.

Thus, it seems BNNT may be an alternative to metal-based
materials for hydrazine adsorption. If so, then how stable are
the resulting complexes? Samples of BNNTSs are a mixture of
a wide range of tubes with different chirality and diameter.
How these two structural factors affect binding energies? In
the case of weak interaction between tubes with N,H, and
selectivity towards one kind of tube over other, what alterna-
tive may reverse such situation to make tube as a good host for
hydrazine? In the present investigation, we tried to answer all
such question using density functional theory (DFT).

Computational details

The B3LYP variant of DFT [37, 38] was used to include
correlation effects. Such DFT method was found reliable in
predicting binding/interaction energies between BN-tubes and
nitrogen containing (such as HBNH and NH3) guest molecule
[36, 39]. A double-( quality 6-31G* basis set augmented with
polarized spherical d-functions (5d) for all heavy atoms was
initially used. (It may be noted that use of 5d than 6d functions
reduces the number of overall basis function, and hence save
computational cost significantly). Several previous studies
[40—44] on BNNTs used a similar basis set. However, a basis
function without a set of diffuse sp.-functions for electroneg-
ative atoms is inadequate, especially for adsorption energy
[36]. So an additional set of diffuse sp.-functions was added
to the 6-31G* basis function. Geometries of pristine and
chemically modified BNNTs were fully optimized without
any symmetry restriction using both 6-31G*(5d) and 6-31+
G*(5d) basis sets, followed by vibrational analyses at B3LYP/
6-31G*(5d) that insure the identification of true minima.

@ Springer

Adsorption energies (E,qs) represent the electronic energy
difference between the complex and constituents and are ob-
tained using the following equation (Eq. 1), where E is the
electronic energy.

Eags = E(BNNT/Al-BNNT-N,H, )-E(BNNT / Al-BNNT)~E(N,H,)
(1)

For an attractive or favorable interaction, the adsorption
energy (also termed as interaction/binding/complexation ener-
gies in the following discussion) is negative; otherwise, it is
positive. All adsorption energies are corrected for basis set
superposition error (BSSE, (where one unit uses basis sets of
others in complex and vice-versa)) using the counter-poise
(CP) method [45]. All calculations were performed using the
Gaussian-09 [46] code.

Results and discussion

To estimate adsorption energies of hydrazine at the surface of
BNNTs, the single guest molecule is allowed to interact with
the Lewis-acid site (i.e., approaching from the top of the boron
atom) of the BNNT tube. The gauche structure of N,H, is
more stable than anti and cis-conformers [13, 14, 16]; hence,
the most stable gauche form is only considered in the present
investigation. Based on the findings of previous investigation
[36] that smaller diameter tubes most likely form stable com-
plexes with guest bases and interaction strength diminishes as
diameter increases, molecular models of smaller diameter
tubes were considered in the present investigation. To verify
the effect of chirality and diameter on adsorption of hydrazine
at their surface, both armchair and zigzag tube models with
varying diameter were included in the list. The specific tube
models are armchair (n,n)-BNNT, n =4, 5, 6 and zigzag (m,0)-
BNNT where m = 8, 10, 12. Each of these tubes contains an
equal number of boron and nitrogen atoms and edges were
saturated with hydrogen atoms to avoid dangling bonds. Since
the magnitudes of interaction of several Lewis acids and
Lewis bases at the surface of BNNTs were found insensitive
to the tube length [36], four layers of BN-ring are considered
herein, where each layer contains 4n(2 m) number of atoms
for armchair (n,n) (zigzag (m,0)) tubes. Thus, chemical com-
positions of these models are B3,N3,H,4 for (4,4) and (8,0),
B40N4()H20 for (5,5) and (10,0), and B48N48H24 for (6,6) and
(12,0). In these models, tube lengths are about 1.1 nm for
armchair tubes and 0.9 nm for zigzag tubes.

BNNTs-hydrazine Fully optimized geometries of BNNTs-
hydrazine complexes obtained at the B3LYP/6-31+G* level
are shown in Fig. 1 and adsorption energies (E5q4s) are sum-
marized in Table 1. Energy data clearly reiterate the impor-
tance of diffuse sp.-functions in the basis set for BNNTs. For
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Fig. 1 Optimized structure of
hydrazine-BNNT complexes:
(4.4) (la), (5,5) (1b), (6,6) (1),
(8,0) (1d), (10,0) (1e), and (12,0)
(1f). BSSE corrected B3LYP/6-
31+G* adsorption energies (in
kcal/mol) of hydrazine at the sur-
face of BNNTSs are shown in bold.
A negative value of adsorption
energy indicates stability of the

complex. B(BNNT)- (4,4)BNNT-N,H, (5,5 BNNT-N,H, (6,6)BNNT-N,H,
N(hydrazine) and N-N (a) -7.9 (b) -2.6 (C) -2.1
(hydrazine) bond distances are
given in angstrom (A). Color 1.457 .
scheme: boron—yellow, nitro- {
gen—blue, and gray—hydrogen 1.357

1.687

111 11 11

(8,0)BNNT-N,H,

(d)-7.8

example, 6-31G* adsorption energies are overestimated by
about 3—4 kcal/mol than 6-31+G* energies. Use of even larger
basis sets would further lower adsorption energies, but such
calculations are computationally highly demanding for such
large systems. As an alternative, counter-poise (CP) correction
to basis set superposition errors (BSSE) is most widely used
technique for a reasonable estimated of adsorption energies.
Such corrections further lower adsorption energies, given in
the second and last column of Table 1, by about 5.5-6.4 kcal/
mol at B3LYP/6-31G* and 3.1-3.6 kcal/mol at B3LYP/6-31+
G* methods, respectively. As expected, BSSE correction en-
ergy is almost double for smaller basis set than larger basis set.
Difference in BSSE corrected adsorption energies obtained
from two basis sets indicates smaller basis set mostly overes-
timates adsorption energy by 0.2 to 1.0 kcal/mol. These results
indicate non-CP corrected adsorption energies are
overestimated by a meaningful factor that cannot be ignored
in studying such interactions and BSSE correction is highly

¢ e e

“e

.

(10,0)BNNT-N,H,

o e (12,0)BNNT-N,H,

f) 1.7

recommended while using similar basis functions. In the fol-
lowing discussions of adsorption energies, BSSE corrected
B3LYP/6-31+G* energies are used.

Interaction of hydrazine at the surface of (4,4)BNNT nano-
tube is found favorable and resulting complex 1la is stabilize
by — 7.9 kcal/mol. Such interaction is found stronger by
3.4 kcal/mol than the interaction of the same tube with NH;
(Eags = —4.5 kcal/mol [36]). In both cases, covalent dative N:
— B(BNNT) bond formation is the source of attractive inter-
action. Ammonia-borane (H3;N: — BH3) is the illustrative
example of such dative covalent bond and exhibits binding
energy of — 28.3 kcal/mol [36] at the same level of theory.
Thus, the interaction between hydrazine and BNNT is about
3.5 times weaker than ammonia-borane. Although 1a complex
is significantly weaker, N-B(BNNT) distance of 1.684 A is
closer to that of in ammonia-borane (R(B-N) = 1.682 A) struc-
ture at the same level of theory. These results suggest that
bond distance between BN-tube and guest molecule may not

Table 1 B3LYP adsorption

energy (Eaq, in kcal/mol) of System 6-31G* (5d) 6-31G* (5d) 6-31+G* (5d) 6-31+G* (5d)

hydrazine at the surface of pristine (BSSE corrected) (BSSE corrected)

BNNTs. B3LYP/6-31+G*

diameter (in nm) of tube is shown  (4,4)BNNT-N,H, (0.59) — 143 -81 111 -79

in parentheses (5.5 BNNT-N,H, (0.72) -93 -33 ~62 ~26
(6,6)BNNT-N,H, (0.87) -8.6 -24 -56 -2.1
(8,0)BNNT-N,H,4 (0.67) - 144 -82 - 109 -78
(10,0)BNNT-N,H, (0.80) -114 -5.1 -74 —4.1
(12,0)BNNT-N,H, (0.97) -79 -19 -52 -17
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be a good indicator (shorter the distance, stronger the interac-
tion) of interaction strength at the surface of BNNTs.

As the diameter of armchair BNNT increases from 0.59 nm
(1a) to 0.72 nm (1b), E5g4 value decreases to — 2.6 kcal/mol
and a further increase in diameter to about 0.87 nm again
lower the adsorption energy of lc to — 2.1 kcal/mol.
Complexation resulted in slight elongation (about 0.03 A) of
the NN bond of hydrazine. With the increase in diameter of the
tube, the distance between host and guest increases from
1.684 to 1.716 A. These results suggest that hydrazine may
form a weak complex with smaller diameter armchair tubes,
but certainly not with wider tubes.

Zigzag BNNTs-hydrazine complexes follow almost similar
trends in structure and interaction energy as their armchair
cousins. Interestingly, the adsorption energy of (8,0)BNNT-
N,H,4 complex 1d is almost same (Eq5 = —7.8 kcal/mol) as
its isoelectronic armchair counterpart (1a). With the increase
in diameter, interaction gets weaker; Eq4s reduces to
— 4.1 kcal/mol in (10,0)BNNT (le) and then to — 1.7 kcal/
mol in (12,0)BNNT (1f) complex. The weakening of interac-
tion between hydrazine and zigzag tubes is also reflected in
the host-guest distance that progressively increases from
1.687 to 1.714 A.

Based on the interaction energy and host-guest distance, it
may be concluded that hydrazine will not form stable com-
plexes with both kinds of BNNT. However, smaller diameter
tubes (< 0.6 nm), due to their high structural strain, may form
weaker complexes. These findings limited the use of BNNT as
an adsorbent of hydrazine.

Al-BNNTs-hydrazine Substitutional doping is one possibility
to improve the adsorption ability of BNNTs. Previous studies
[47] showed that Al-doping enhances adsorption energy of
BNNT (also single-wall carbon nanotube [48]) when guest
molecule is ammonia. Since interaction with hydrazine is sim-
ilar to NH3, Al-doped BNNT seems a reasonable choice to
explore. One boron atom at the middle of the tube is substitut-
ed by an Al atom, and structures of all six AI-BNNTs and their
complexes with hydrazine were fully optimized.

Adsorption energies calculated using different basis sets
are summarized in Table 2, and fully optimized structures

obtained at the B3LYP/6-31+G* level are shown in Fig. 2.
Effect of additional diffuse sp.-functions to 6-31G* and cor-
rection for basis set superposition error to both basis sets are
found similar to the corresponding energies of pristine BN-
tubes. The overall lowering of E 45 of AI-BNNT-N,H, com-
plexes is in the range of 6—7 kcal/mol. In the following dis-
cussion, we used results given in the third column of Table 2.

Al-doping increases the adsorption energy by a wide mar-
gin than the pristine tube. For example, both (4,4)AI-BNNT
(2a) and (8,0)Al-BNNT (2d) tubes are stabilized by about 35—
36 kcal/mol, which is more than four times the corresponding
values of la and 1d. Unlike pristine tubes, enlargement in
diameter of the tube has an insignificant effect on the adsorp-
tion energy. The E 44 decreases from — 35.8 kcal/mol in 2a to
— 33.3 kcal/mol in 2c¢, with an intermediate value of
— 34.5 kcal/mol in 2b. Similarly, the stability of zigzag tube
complex reduces from — 35.2 kcal/mol (2d) to — 33.3 kcal/mol
(2e) and then to — 33.2 kcal/mol (2f). These results indicate a
strong interaction between Al-doped BNNTs and hydrazine is
possible even for much wider tubes than considered herein.
This range of binding energy is even lower by 7-9 kcal/mol
than the simplest ammonia-alane (H3;Al-NH3) complex [36]
(Eags = —26 kcal/mol), where N: — Al dative covalent bond is
the source of interaction.

The AI-N bond distance in all 2a-2f complexes, shown in
Fig. 2, is in the range of 2.01 to 2.03 A and in excellent
agreement with the reference distance of 2.10 A in
ammonia-alane complex [36]. Upon complexation with Al-
BNNTs, the NN distance of hydrazine is stretched by about
0.04 A in complexes and this change is independent of chiral-
ity and diameter of doped tubes.

Molecular electrostatic potentials To understand what
makes Al-doped BNNTs an attractive adsorbent of hydrazine
over pristine tubes, we calculated molecular electrostatic po-
tentials (MEP) at the B3LYP/6-31+G*(5d) level, describing
charge distribution in a molecule in three dimensions, of pris-
tine and Al-doped (4,4) and (8,0) tubes. According to
Mulliken [49, 50] and natural population analyses [51, 52]
boron atoms of the BN-tubes are positively charged (around
+ 1.0) and nitrogen atoms are negatively charged (around

Table 2 B3LYP adsorption

energy (Eaq, in kcal/mol) of System 6-31G* (5d) 6-31G* (5d) 6-31+G* (5d) 6-31+G* (5d)

hydrazine at the surface of Al- (BSSE corrected) (BSSE corrected)

doped BNNTs (AI-BNNTs)
(4,4)A1-BNNT-N,H, -42.0 -36.3 —38.7 —35.8
(5,5)A1-BNNT-N,H, —40.2 —34.7 -37.7 —34.5
(6,6)A1-BNNT-N,H, -394 —332 —36.2 -333
(8,0)AI-BNNT-N,H, —41.6 —36.0 —38.0 —352
(10,0)AI-BNNT-N,H, —40.0 -34.1 -36.3 -333
(12,0)A1-BNNT-N,H, -393 —33.7 -36.1 -332
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Fig. 2 Optimized structures of
Al-BNNT-hydrazine complexes:
(4,4) (2a), (5,5) (2b), (6,6) (2¢),
(8,0) (2d), (10,0) (2e), and (12,0)
(21). BSSE corrected B3LYP/6-
31+G* adsorption energies (in
kcal/mol) of hydrazine at the sur-
face of AI-BNNTs are shown in
bold. A negative value of adsorp-
tion energy indicates stability of
the complex. AI(AI-BNNT)-
N(hydrazine) and N-N
(hydrazine) bond distances are
given in angstrom (A). Color
scheme: boron—yellow, nitro-
gen—blue, gray—hydrogen, and
aluminum—ypink

(a) -35.8

(8,0)A1-BNNT—N2H 4
(d) -35.2

— 1.0), while Al of doped tube is less positively charged (by
about 0.2 to 0.4, depending on the diameter of the tube) than B
atoms.

In Al-doped tube, Fig. 3, MEP of pristine and doped (4,4)
and (8,0) BNNTs are shown, where red and blue regions rep-
resent negative and positive potentials. Intermediate potentials
from positive to negative ends are shown in light blue to green
and then yellow/orange. The intense red regions in the MEP of
hydrazine are located at the nitrogen atoms; one of them is
approaching to the B/Al atoms of tubes to form a complex.
The (4,4)BNNT (3a) exhibits alternate red (around N atoms)
and light-blue/green regions (around B-atoms) spread across
the tube surface, while blue regions are mostly located at the
edges. Similar to the armchair tube, MEP of the zigzag tube
(3b) also possess red, light blue/green regions, but not contin-
uous as in armchair counterpart. So approaching N of N,H,
encounters repulsion from the negative potential of nitrogen
atoms surrounded to the active B-site. Thus, two opposing
forces are involved in dative bond formation between host
and guest: attractive force between the red region of hydrazine
and weaker positive potential at the active site and repulsive
forces associated with surrounding negative regions of the
active site and hydrazine red region. These opposing factors
make hydrazine-BNNTs complexes less stable.

Substitution of B by Al changes MEPs of doped BNNTs
significantly at the active sites. An intense blue region around
Al atom (3¢ and 3d, shown by arrows), which is also extended

(4,4)AI-BNNT-N_H,

(5,5)AI-BNNT-NH,
(b) -345

(6,6)A1-BNNT-N,H,
(c)-333

1.476

(10,0)A1-BNNT-N,H,
() -333

(12,0)AI-BNNT-N,H,

(f) -332

well above the surface, may responsible for strong interaction
with hydrazine. Since Al is located above the surface in
doped-BNNTs, negative potentials of neighboring N atoms

I Hydrazine

(b) (8,0)BNNT

Fig. 3 B3LYP/6-31+G*(5d) molecular electrostatic potential of
hydrazine, (4,4)BNNT (3a), (8,0)BNNT (3b) (4,4)Al-BNNT (3c¢), and
(8,0)A1-BNNT (3d)

(d) (8,0)AI-BNNT
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HOMO - hydrazine

=

(a) (4,4)Al-BNNT (c) (4,4)BNNT

() (8,0)A-BNNT  (d) (8,0)BNNT

Fig. 4 Highest occupied molecular orbital (HOMO) of hydrazine and
lowest unoccupied molecular orbital (LUMO) of (4,4)Al-BNNT (4a),
(8,0)A1-BNNT (4b), (4,4)BNNT (4c), and (8,0)BNNT (4d). MOs were
obtained at the B3LYP/6-31+G*(5d) level

are far away to approaching negative N atom of hydrazine,
minimizes repulsive factor that hindered pristine tube for com-
plex formation. Stronger bonding in Al-doped BNNTs than
their pristine form may be explained by the character of the
lowest unoccupied molecular orbital (LUMO) obtained at the
B3LYP/6-31+G*(5d) level. The LUMO of the doped tube (4a
and 4b in Fig. 4) is almost pure Al p-orbital available to accept
electrons from lone-pair of N atoms (HOMO of hydrazine).
The LUMO of pristine tubes represents p-orbitals of B atoms
located near the edge(s) (4c and 4d) of the tube. Thus, adsorp-
tion of hydrazine at the surface of pristine and Al-doped
BNNTs may be considered as chemisorption, where in former
cases very week interaction while in doped tubes moderately
strong interaction.

Conclusions

Interactions between toxic hydrazine and single-wall boron
nitride tubes (pristine and Al-doped) have been investigated
using B3LYP variant of DFT method. Due to the examination
of electron-rich N atoms, the inclusion of diffuse sp. functions
(such as 6-31+G* basis set) seems appropriate for the descrip-
tion of such interactions. Results from this study recommend

@ Springer

considering counterpoise correction (due to basis set superpo-
sition error) to adsorption energies.

Adsorption energy (Eags) of pure BNNT strongly depends
on the tube diameter; higher for smaller diameter tubes due to
structural strain and sharply decreases with the enlargement of
the tube diameter. For example, Ex 4 value decreases from
about 8.0 kcal/mol in isoelectronic pair of (4,4)BNNT-N,H,
and (8,0)BNNT-N,H, to about 2.0 kcal/mol in (6,6) BNNT-
N,H4 and (12,0) BNNT-N,H,. Such weak interaction limits
the use of pure BNNTSs as an adsorbent of hydrazine.

Replacement of a B-atom of the tube by an Al atom dras-
tically increases the adsorption energy to the range of 33—
35 kcal/mol which is almost independent on the chirality of
the Al-doped tubes. The nominal diminishing value of E 4
(about 2 kcal/mol for about 0.3 nm increment of the diameter)
suggest that adsorption energy may be around 20 kcal/mol for
AI-BNNT tubes as wide as 3 nm diameter. This range (20—
35 kcal/mol) of binding energy is strong enough to form stable
Al-BNNTs-hydrazine complexes, but interaction is not strong
enough to easily release hydrazine. Thus, a significant quan-
tity of hydrazine, as both types of tube with a wide range of
diameter, may be adsorbed and stored on Al-doped BNNTs
and may release hydrazine by applying milder condition (such
as heating the sample) for a wide range of applications.

A dative covalent bond formation is the origin of the inter-
action between pure and doped BNNTSs with hydrazine, where
lone pair of one nitrogen of N,H, donates electrons to vacant
p-orbital of B/Al atom of the tube (hydrazine)N:—B
(BNNTs). In the case of doped tube, LUMO represents pure
p-orbital of Al, whereas in pure tube that is delocalized over
several B atoms near the edge(s). Molecular electrostatic po-
tential (MEP) maps provide a clear explanation in the differ-
ences between pristine and doped tubes. The negative poten-
tial of the approaching nitrogen atom encounters repulsion
from the negative potentials of adjacent three nitrogen atoms
of the link boron atom, due to their close proximity with hy-
drazine. In the case of doped tubes, Al atom, due to larger size
than boron and longer Al-N distances, is well above the sur-
face of the tube that reduces such repulsion, making tube more
attractive adsorbent of hydrazine.
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